The micro-wire electric discharge machining (micro-WEDM) has emerged as the popular micromachining processes for fabrication of micro-features. However, the low machining rate and poor surface finish are restricting wide applications of this process. Therefore, in this study, an attempt was made to improve machining rate of micro-WEDM with low-frequency workpiece vibration assistance. The gap voltage, capacitance, feed rate and vibrational frequency were chosen as control factors, whereas, the material removal rate (MRR) and kerf width were selected as performance measures while fabricating microchannels in Inconel 718. It was observed that in micro-WEDM, the capacitance is the most significant factor affecting both MRR and kerf width. It was witnessed that the low-frequency workpiece vibration improves the performance of micro-WEDM by improving the MRR due to enhanced flushing conditions and reduced electrode-workpiece adhesion. 
Authors of [13] used non-dominated sorting genetic algorithm-II (NSGA-II) to determine optimum process parameters in WEDM of AISI D3 for cutting rate and surface roughness. Kumar and Agrawal [14] optimized WEDM process parameter while machining high-speed steel with zinc-coated wire. They applied NSGA-II optimization technique for multi-objective optimization of cutting rate and surface finish.
The machining of titanium alloys, composites using WEDM has also been reported in the literature. Kuriakose et al. [15] machined Ti-6Al-4V titanium alloy using zinc-coated brass wire and applied machine learning-based data mining approach to study the effect of various process parameters on the cutting speed and surface finish. Machining and optimization of c-titanium aluminide alloy have been reported in [16] . They used constrained optimization and Pareto optimization algorithm for parametric optimization of WEDM for the cutting speed, surface finish, and dimensional deviation. Manna and Bhattacharya [17] machined aluminiumreinforced silicon carbide metal matrix composite using WEDM and determined optimum machining condition by Gauss elimination dual response method. Patil and Brahmankar [18] examined the effect of WEDM parameters on surface finish, cutting speed, and kerf width using Taguchi's method while machining alumina particulate reinforced aluminum matrix composites (Al/Al2O3p) with coated brass wire material. Bobbili et al. [19] presented machining of armor materials such as aluminum alloy 7017 and rolled homogeneous armor (RHA) steel using WEDM. They further extended this work presenting multi-objective optimization of process parameters [20] .
Recently, various studies have been reported [21] [22] [23] explaining the effect of different process parameters on the response measures of micro-WEDM. Han et al. [21] established a 3-D temperature and stress distribution in micro-WEDM numerically. Das and Joshi [22] have developed a mathematical model for micro-WEDM considering plasma features, moving heat source characteristics, multi-spark phenomenon, and wire vibration effect to predict the cathode erosion rate. The effects of RC-circuit process parameters on micro-WEDM performance were explained by [23] . They established mathematical models to predict the performance measures and confirmed experimentally.
Very few studies are reported on machining of Nickel-based superalloys like Inconel 718 using WEDM. The superior properties of Inconel 718, like high resistivity to corrosion and high temperature resistant, makes it competent for elevated temperature application [5, 24] . Goswami and Kumar [25] investigated and optimized the input process parameters of WEDM while machining Nimonic 80A superalloy. Hewidy et al. [26] established a mathematical relationship between WEDM process parameter and performance measure viz. MRR, wear ratio, and surface roughness based on the response surface methodology in WEDM of Inconel 601 using copper wire. Ramakrishnan and Karunamoorthy [27, 28] predicted the performance of WEDM of Inconel 718 using the artificial neural network. Further, they optimized MRR and surface roughness using multi-response optimization. Agrawal et al. [2] presented empirical modeling of WEDM process parameters for Inconel 718 using response surface methodology (RSM). They optimized the process performance using desirability function approach. Recently, Nayak and Mahapatra [29] presented optimization of process parameters of WEDM during machining of cryo-treated Inconel 718. It is also noticed that no study is available which reports the micro-WEDM of Inconel 718 superalloy.
The application of low-frequency workpiece vibration in micro-EDM processes has resulted in improved machining performance due to enhanced flushing conditions and reduced unstable machining conditions [30] [31] [32] [33] . Jahan et al. [30, 31] evaluated low-frequency vibration assisted l-ED drilling of tungsten carbide and claimed that low-frequency vibration has a considerable effect on both the machining characteristics and micro-hole accuracy parameters. Recently, Lee et al. [32] concluded that low-frequency workpiece vibration (10-70 Hz) during the l-ED drilling results in reduced machining time by 70% related to that of machining without vibration at non-rotating electrode condition. The applications of l-WEDM are still limited owing to low machining rate of the process. No study is reported on the application of low-frequency workpiece vibration in the l-WEDM process. Therefore, an attempt is made to improve the performance of l-WEDM with a low-frequency workpiece vibration assistance. The gap voltage, capacitance, wire feed rate, and vibration frequency are selected as input parameters while MRR and kerf are chosen as performance measures.
Materials and methods

Materials
The workpiece specimen of size 27 mm Â 10 mm Â 2.5 mm is prepared out of commercially available Inconel 718 by using a high-speed diamond cutter (Isomet 4000 Buehler was used as a tool electrode. The commercial ''TOTAL DIEL7500IN" dielectric fluid was used as dielectric oil due to its high flash point, and high dielectric strength.
Experimentation
Mikrotools DT110 integrated multi-process micromachining tool working on the RC-pulse generator with a positional accuracy of 0.1 lm was used to perform the micro-WEDM experiments. The positive workpiece polarity was chosen as it leads to more material removal from the workpiece as compared to negative polarity electrode. The schematic representation of vibration-assisted micro-WEDM setup is shown in Fig. 1 . The photograph of the experimental setup is shown in Fig. 2 . The vibration device provided along with the machine tool works on the electromagnetic actuation principle and is capable of generating low-frequency vibration within 0-100 Hz. A power transistor switch supplies the periodic power supply to the electromagnet, and the control of the on-off sequence of the power transistor is maintained using a frequency controlled pulse generator. The on-off sequence of electricity flowing through the circuit energize or de-energize the electromagnet producing the vibration. The workpiece fixture was mounted on vibration device, and vibration device was clamped inside the main EDM tank.
The Box-Behnken design was utilized to plan the experiments and total 29 runs corresponding to 24 runs for side points, and five runs replicating the center position. The gap voltage (A), capacitance (B), feed rate (C), and vibrational frequency (D) were designated as control factors while MRR and kerf width were chosen as performance measures. The control factors and their range, shown in Table 1 , were decided based on the literature, trial experiments, and machine tools constraints. The experimental plan showing a set of the control factors and resultant performance measures acquired after conducting tests are given in Table 2 .
Measurements
The kerf width was measured using AxioCam software and the Digital Microscope (Zeiss AxioCam AX10). The kerf width measured at five location along the length of the microchannel (as shown in Fig. 3 ) and then average of these measurements was considered for result analysis. The FESEM (Nova NanoSEM 450) was used to capture the microscopic images of selected machined surfaces. The weight difference of workpiece specimen before and after machining is divided by machining time to calculate MRR. The Citizon CY104 Analytical Balance (make: GMI Inc, USA) with ±0.1 mg readability and repeatability was used to measure the weight measurements. The MRR was computed using following equation:
where, rM wp is the weight difference before and after l-ED milling.
Results and discussion
Empirical models for performance measures
Mathematical relationships among the control factors and performance measures are established by developing multivariable regression models. The statistical significance of developed models was examined using analysis of variance (ANOVA) test. The models were improved through backward elimination method. The results of ANOVA for MRR and kerf width are summarized in Tables 3 and  4 respectively. Fig. 4 shows the normal probability plot of the residuals which indicate that residual fall in a straight line signifying that errors are normally distributed [2] . It can also be seen that the actual response values are in good agreement with predicted values by the models (Fig. 5) .
The model F values of 23.80 MRR , 95.69 kerf for MRR and kerf width respectively, with its Prob > F value less than 0.0001 directs that the models are significant. There is only a 0.01% chance that such a large model F values could occur due to noise. The values of Prob > F less than 0.05 indicates the significance of model terms [2, 12] 
Analysis for MRR
The perturbation plot showing effects of control factors on MRR in micro-WEDM of Inconel 718 is shown in Fig. 6 . A sharp slope for gap voltage (A), capacitance (B), feed rate (C), and vibrational frequency (D) directs that the MRR is highly sensitive to these factors. It is evident from the Table 3 Fig. 3 . Measurement of kerf width using optical microscope. by capacitor is released. The capacitance regulates the amount of the energy deposited and consequently, with increase in capacitance, the amount of DE, pulse current and pulse interval also increases boosting the MRR [30] . Therefore, the MRR increases prominently at high values of capacitance. The similar observation regarding increase of MRR with increase in DE also reported by [2, 12] . The increase of MRR with increase in vibrational frequency (Fig. 6 ) values can be explained with considering adhesion effect. In micro-EDM, the adhesion between electrode and workpiece plays important role on machining performance. Frequent shorts circuits occurs due to adhesion and when short circuit occurs, machine pullbacks the electrode opposite to feed direction to maintain the spark gap [34] . Due to vibrational frequency, the workpiece vibrates and the adhesion between electrode and workpiece recovered effectively. Moreover, the vibrational movement of workpiece leads to effective evacuation of debris and molten metal from machining zone due to turbulent flow of dielectric in machining zone. Fig. 8 shows the perturbation plot for kerf width. The kerf width is observed to be more sensitive to capacitance followed by gap voltage as compared feed rate and vibrational frequency. The capacitance and gap voltage lines are steep than the flat lines for feed rate and vibrational frequency. The kerf width increases with an increase in both gap voltage as well as capacitance values. The similar observation also reported by [11, 12, 34] . For achieving, lower kerf width, the low discharge energy values (i.e. low gap voltage and low capacitance) are suitable. The kerf width increases at high discharge energy due to the quantum electrons released from negative wire electrode striking with neutral particles in the dielectric fluids, which results in larger ionization effect. The kerf width will increase when a large amount of electrodes and ions strikes with the workpiece [11, 34] . The machining at low discharge energy will enhance the dimensional accuracy and reduction of radius while cutting a corner in micro-machined components.
Analysis of kerf
Comparison of with and without vibration assisted micro-WEDM
For the comparison of the performance of micro-WEDM with and without low-frequency vibration assistance, the experiments at same settings of gap voltage, capacitance, and feed rate while at with and without vibration condition are chosen and listed separately in Table 5 The maximum percentage improvement in MRR is observed to be 87.02% at low discharge energy settings. It has been noted that the mean percentage improvement for MRR is 66.20% pointing that low-frequency vibration assistance enhances the machining condition in micro-WEDM and thereby improves the MRR of micro-WEDM. It has been observed that vibration does not affect the kerf width significantly. The maximum percentage increase in kerf width is noted to be 4.88%. The mean percentage improvement for kerf width is observed to be 0.15%.
Microscopic investigation of surface topography of micro-channels
The surface topographical images of microchannels fabricated by micro-WEDM in Inconel 718 are shown in Fig. 9 . The effects different energy settings viz. 320 lJ and 2205 lJ on channel surface are shown in Fig. 9(a) and (b) , respectively. It is observed that in micro-WEDM, the surface morphology depends on the applied discharge energy while machining. At low discharge energy setting, the machined surface observed to be very smooth. However, at high discharge energy settings, the spherical debris/globules and larger resolidified layer is observed on the machined surface. The formation of spherical debris/globules occurs rapid cooling and quenching of vaporized metal or splashed molten metal. At low discharge energy, the shape of the microchannel is observed to be more accurate as compared to microchannel at high discharge 
energy. Fig. 10 shows micro-channels formed in Inconel 718 using micro-WEDM process.
Conclusion
In this work, an attempt was made to perform micro-WEDM with low-frequency workpiece vibration assistance. The BoxBehnken design was used to design the experiments considering gap voltage, capacitance, feed rate and vibrational frequency as control factors while MRR and kerf width as performance measures. From the experimental and statistical analysis, the following conclusions were drawn: Overall, the low-frequency vibration assistances improves the performance of the micro-WEDM due to enhanced the flushing conditions and reduced electrode-workpiece adhesion.
The low-frequency vibration found effective in improving process performance of l-WEDM, though, further investigations are necessary in term of accuracy of fabricated micro-features, form, and shape of fabricated micro-feature, effects of vibrations frequency on surface topography of machined surfaces.
